A number of studies have reported that intake of red meat or meat cooked at high temperatures is associated with increased risk of breast cancer, but other studies have shown no association. We assessed the association between meat, meat-cooking methods, and meat-mutagen intake and postmenopausal breast cancer in the NIH-AARP Diet and Health Study cohort of 120,755 postmenopausal women who completed a food frequency questionnaire at baseline (1995)(1996) as well as a detailed meat-cooking module within 6 months following baseline. During 8 years of follow-up, 3,818 cases of invasive breast cancer were identified in this cohort. Cox proportional hazards models were used to estimate hazard ratios (HR) and 95% confidence intervals (95% CI). After adjusting for covariates, intake of total meat, red meat, meat cooked at high temperatures, and meat mutagens showed no association with breast cancer risk. This large prospective study with detailed information on meat preparation methods provides no support for a role of meat mutagens in the development of postmenopausal breast cancer. 1,2 The amounts of these compounds that are produced vary depending on the cooking method, temperature, duration of cooking and type of meat.
High temperature cooking of meat such as grilling/barbecuing and pan-frying especially to a high degree of doneness produces high concentrations of heterocyclic amines (HCAs), such as 2-amino-3,4,8-trimethylimidazo [4,5- f]quinoxaline (DiMeIQx), 2-amino-3,8-dimethylimidazo [4,5- f]quinoxaline (MeIQx), and 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP) and polycyclic aromatic hydrocarbons (PAHs), such as benzo [a] pyrene (B[a]P), compared to stewing or microwaving of meats. 1, 2 The amounts of these compounds that are produced vary depending on the cooking method, temperature, duration of cooking and type of meat. 1, 3 Both HCAs and PAHs can induce mammary tumors in laboratory animals. 4, 5 However, epidemiologic studies examining both meat preparation methods and estimated intake of HCAs in relation to breast cancer risk have yielded inconsistent results, with some showing a positive association with degree of doneness or estimated intake of mutagens/carcinogens [6] [7] [8] [9] [10] and others showing no evidence of an association. [11] [12] [13] Some of these studies had limited information on methods of cooking different types of meat, degree of doneness and estimation of mutagenic compounds. 6, 11, 12 Additionally, case-control studies may be subject to recall and selection bias. 6, [9] [10] [11] 13 In view of the inconsistent results of previous studies, we used detailed data on meat intake, meat preparation methods and estimated intake of meat-mutagens as measured in the NIH-AARP Diet and Health Study to determine whether these factors influenced the risk of breast cancer in postmenopausal women.
Material and methods

Study population
The NIH-AARP Diet and Health Study is a large cohort study of AARP (formerly known as the American Association of Retired Persons) members initiated in [1995] [1996] . Details of the study's design have been described previously.
14 AARP members (617,119) between 50 and 71 years-old and residing in six U.S. states (California, Florida, Louisiana, New Jersey, North Carolina and Pennsylvania) and two metropolitan areas (Atlanta, GA and Detroit, MI) were mailed self-administered questionnaires covering demographic characteristics, food intake and other healthrelated behaviors. The questionnaires were satisfactorily completed by 567,169 subjects, of whom 226,733 were women. 14 The study was approved by the National Cancer Institute Special Studies Institutional Review Board, and consent was implicit for all participants who returned the questionnaire.
We excluded subjects who had questionnaires completed by proxy respondents, who had prevalent cancers, or who died before study entry (n 5 26,410). Women who reported that they were still menstruating and were not taking hormones were classified as premenopausal. Women who reported that their periods had stopped because of natural menopause, surgery, radiation or chemotherapy; women who had had both ovaries or their uterus removed; and women older than 57 years were classified as postmenopausal. Based on this definition, the study population was restricted to 186,361 postmenopausal women by excluding women who were premenopausal or with uncertain menstrual status (n 5 13,895). Further exclusions based on the availability of detailed meat preparation data are described below.
Dietary assessment and meat variables
At baseline, study subjects completed a self-administered food frequency questionnaire (FFQ) that assessed the usual frequency of consumption and portion size of 124 food items.
14 A diet calibration sub-study within the NIH-AARP Study cohort showed good correlations between red meat intake from the FFQ and two 24-hr dietary recalls. 14 Within 6 months following the initial questionnaire, baseline respondents were sent a second FFQ, which included a meat-cooking module 14 that 332,913 men and women completed (response rate 5 63%). The meat-cooking module queried consumption of hamburgers, steak, bacon, and chicken, usual cooking method (pan-fried; grilled or barbecued; oven-broiled; other such as saut eed, baked or microwaved), and level of doneness on the outside (not browned, lightly browned, well-browned, black or charred) and inside (for red meat: raw; rare to medium-rare or reddeep pink; medium to medium well-done, or light pink; well-done or gray-brown with juice; very well-done or gray-brown dry; and for chicken: just until done or still juicy; well-done or somewhat dry; very well-done or very dry; Ref. 15) .
The validity of the meat intake, meat-cooking methods, degree of doneness and meat-derived mutagens was assessed in a U.S. population of 165 healthy subjects who completed a FFQ that included the meat module and 3 sets of 4 nonconsecutive day dia-ries. 16 Correlations were calculated for intake between the two methods of dietary assessment. 16 The relative validity of the meat module was similar to that of other nutrients and foods quantified in FFQs. 17, 18 For example, the deattenuated correlations were 0.60 and 0.36 for DiMeIQx and PhIP, respectively. 16 Even though the validity of the total mutagenic activity was not directly addressed by Cantwell et al., 16 the correlation between mutagenic activity was found to be highly correlated with HCAs (Spearman correlation: mutagenic activity and PhIP r 5 0.65; mutagenic activity and MeIQx r 5 0.71). 19 A detailed description of the methods used in estimating intake of different types of meat, cooking practices, degree of doneness and meat mutagens is given elsewhere. 20 In brief, intake of total meat, red meat, white meat, processed meat and meat cooked at high temperature were calculated in grams per day based on the frequency and portion size information in the baseline FFQ. 1, 2, 21 For meat intake estimated from the meat-cooking module, we calculated grams consumed per day and created meat variables according to cooking method and doneness level (raw/rare/medium and well/very well done). In addition, we used the CHARRED database (http://charred.cancer.gov/) to estimate daily intake of meat-mutagens, including the HCAs DiMeIQx, MeIQx, and PhIP; the PAH B[a]P; and an overall meat-mutagenic activity index. 15 All meats queried on the meat-cooking module (i.e., hamburgers, steak, bacon, and chicken) were used to create these variables. Details of the methods used to create the CHARRED database are described elsewhere. 2, 3, 15, 21 Briefly, the CHARRED database was developed using 120 categories of meat samples prepared by different cooking methods with varying doneness levels and their composites analyzed for HCAs, B[a]P, and overall mutagenic activity. 2, 3, 21 Mutagenic activity in meat was determined by the standard plate incorporation assay with Salmonella typhimurium strain TA98, measured as revertant colonies (i.e., Ames assay, Ref. 22) .
Cohort followup and case ascertainment
Cancer cases were identified by linking cohort members to state cancer registries and to the U.S. National Death Index between 1995 and 2003 and are estimated to identify 90% of all cancer cases in our cohort. 23 Vital status of cohort participants was also ascertained by linkage to the Social Security Administration Death Master File. Person-years of follow-up for this analysis were calculated from the date of the baseline questionnaire scanning to the date of invasive breast cancer diagnosis or censoring at the date of other cancer diagnosis (except for nonmelanoma skin cancer), death, emigration out of the study area, or December 31, 2003, whichever occurred first. For this analysis, we included registryconfirmed incident primary invasive breast cancer (ICD-O-3 code C50.0-C50.9) occurring in postmenopausal women in the cohort. A total of 3,818 cases were identified among 120,755 women with complete information on the baseline questionnaire and complete meat-cooking module data.
Statistical analysis
Generalized linear models were used to estimate the means of the baseline variables within each quintile of intake of red meat for continuous variables, whereas proportions were calculated for categorical variables (Table I) . Cox proportional hazards models, with person-years as the underlying time metric, were used to estimate hazard ratios (HR) and 95% confidence intervals (95% CI). Analyses using age as the underlying time metric gave similar results, and we present the results using person-years. The meat and other dietary variables were energy-adjusted using the density method, with energy included in the model, because most dietary variables were correlated with total energy intake. 24 Models using unadjusted meat intake but with calories as a covariate were also fitted; these models gave similar results to the multivariable nutrient density method. The meat intake and meat mutagen variables were categorized into quintiles based on the cohort distribution among women. In additional analyses, we examined the association of deciles of meat intake with risk to take advantage of the full range of variation. Intake of meats prepared by different cooking methods was categorized into 4 groups consisting of a group with no intake (referent group) and tertiles of those with >0 intake. Tests for trend across categorical variables were calculated using the median value of each category. Models assessing specific meat groups and cooking methods simultaneously controlled for the remaining meat groups and cooking methods to account for total meat consumption (white and red; high-temperature and low-temperature cooked; processed and nonprocessed; rare/ medium and well/very well-done; pan-fried; grilled/barbecued; oven-broiled; other, such as saut eed, baked, or microwaved). Multivariable models were constructed by individually adding potential confounding variables into the model. Variables were retained in the model if they were associated with both the disease and exposure, or changed the risk estimate by >10%. Although total energy intake (kcal) did not meet these criteria, it was included on a priori grounds. The following variables were included in the fully-adjusted model: age, body mass index (kg/ m 2 ); height (inches); age at first menstrual period; age at first live birth; age at menopause; number of breast biopsies; family history of breast cancer; menopausal hormone therapy; education; race; total energy intake; saturated fat; alcohol intake; physical activity and smoking.
Additional analyses were carried out stratifying by hormone receptor status, which was available for only a minority of breast cancer cases (estrogen receptor status on 47%; progesterone receptor status on 45%). Of cases with known hormone receptor status, 39% were estrogen receptor (ER) positive, 8% were ER negative, 32% were progesterone receptor (PR) positive and 13% were PR negative.
We further examined the association of the major meat variables with breast cancer within strata of potential effect modifiers, including body mass index, parity, menopausal hormone therapy, smoking, alcohol consumption, vegetable intake, fruit intake and physical activity. Tests for interaction were based on the likelihood ratio tests comparing models with and without the product terms representing the variables of interest. All statistical significance tests were two-sided. All analyses were performed using SAS version 9 (SAS Institute Cary, NC).
Results
Mean body mass index, use of oral contraceptives, mean energy intake and saturated fat intake increased with increasing red meat intake (Table I ). In contrast, the proportions of women with higher education, who were African-American, nulliparous, over age 30 at first birth, never smokers, current users of menopausal hormone therapy, who engaged in physical activity 51 times per week, and who were 50 or older at onset of menopause decreased with increasing meat intake.
In the age-adjusted models for intake of total meat, red meat and meat cooked at high temperatures, there were slight elevations in the HR, some of which reached statistical significance; however, there was no trend with increasing intake (Table II) . In the multivariable models, intake of total meat, red meat, white meat, processed meat and meat cooked at high temperatures were not associated with breast cancer risk. Deciles of these meat variables also showed no elevation in the hazard ratios, which were all close to 1.0 (data not shown). Furthermore, omitting saturated fat as a covariate did not alter the risk estimates (data not shown). When cases diagnosed during the first 3 years of follow-up were excluded, the results were unchanged (data not shown).
Breast cancer risk was not associated with high-temperature cooking methods or level of doneness (Table III) . The ageadjusted HR for intake of rare-/medium-done meat was statisti- Cox proportional hazards models used to calculate hazard ratios. All meats are adjusted for energy intake by the density method (g/1,000 kcal), with energy additionally in the model and relevant meat groups adjusted simultaneously for each other (i.e. white and red; processed and non-processed; high-temperature and low-temperature cooked). , family history of breast cancer (yes, no), hormone replacement therapy (never, <5 years, 5-9 years, 101 years), education (less than high school graduate, high school graduate, some college, college graduate or post college, missing), race (non-Hispanic white, non-Hispanic black, other or unknown), total energy intake (continuous), gm saturated fat (continuous), alcohol intake (none, 0 to <5, 5 to <15, 15 to <30, 301 g/d), physical activity (never/rarely, 1-3 times/mo, 11 times/wk), smoking (never, quit >4 yrs ago, quit 1-4 yrs ago, quit <1 yr or current smoker, missing), age at menopause (<40, 40-44, 45-49, 50-54, 551), number of breast biopsies (none, 1, 3, 31, missing), height (<62, 62-<63, 63-<64, 64-<66, 67). cally elevated, but there was no association in the fully-adjusted model.
Neither the age-adjusted nor the fully-adjusted models showed any suggestion of an association between any of the 5 indicators of mutagenic activity (overall mutagenic activity, DiMeIQx, MeIQx, PhIP, or B[a]P) and breast cancer risk (Table IV) . Deciles of these indicators also showed no association.
No significant associations were seen by hormone receptor status (ER positive, ER negative, PR positive, PR negative) for intake of total meat, red meat, meat cooked at high temperatures, or 5 indicators of mutagenic activity (data not shown).
None of the meat or meat mutagen variables was associated with breast cancer within strata of age, body mass index, parity, alcohol consumption, smoking, menopausal hormone therapy or intake of fruits and vegetables (data not shown), and there were no significant interactions between the meat variables (intake of total meat, red meat, high-temperature meat, and well-done meat) and these factors.
Discussion
This large prospective cohort of AARP members provides no support for the hypothesis that intake of meat, meat cooked at high temperatures, well-done meat, or estimated intake of mutagens/carcinogens from meat are associated with increased risk of postmenopausal breast cancer. Furthermore, our results do not indicate that consumption of meat or meat cooked at high temperatures affected breast cancer risk in subgroups, such as obese or nulliparous women, consumers of alcohol, smokers, users of menopausal hormone therapy or women with low physical activity or with a low intake of fruits or vegetables.
A recent analysis from the NIH-AARP study reported on the association of intake of red and processed meat in relation to the risk of 21 cancers. Positive associations were seen with several cancers, including those of the colorectum and lung, but not with breast cancer. 25 This article extends the findings of Cross et al. with regard to breast cancer by presenting more detailed results relating to meat preparation and intake of meat mutagens for the subcohort with complete meat module data.
In a previous publication from the NIH-AARP study, 26 saturated fat intake showed a significant positive association with postmenopausal breast cancer risk; hence, it is included here as a covariate. However, in models omitting saturated fat intake, meat intake and use of high temperature preparation methods were not associated with breast cancer risk.
Previous epidemiologic studies that have examined the association of meat intake with breast cancer have yielded conflicting results. A meta-analysis of 31 studies with information on meat Cox proportional hazards models used to calculate hazard ratios. All meats are adjusted for energy by the density method (g/1,000 kcal), with energy additionally in the model). , no) , hormone replacement therapy (never, <5 years, 5-9 years, 101 years), education (less than high school graduate, high school graduate, some college, college graduate or post college, missing), race (non-Hispanic white, non-Hispanic black, other or unknown), total energy intake (continuous), gm saturated fat (continuous), alcohol intake (none, 0 to <5, 5 to <15, 15 to <30, 301 g/d), physical activity (never/rarely, 1-3 times/mo, 11 times/wk), smoking (never, quit >4 yrs ago, quit 1-4 yrs ago, quit <1 yr or current smoker, missing), age at menopause (<40, 40-44, 45-49, 50-54, 551), number of breast biopsies (none, 1, 3, 31, missing), height (<62, 62-<63, 63-<64, 64-<66, 67). intake 27 obtained a summary relative risk for the highest compared to the lowest level of total meat intake of 1.17 (95% CI 1.06-1.29). However, a pooled analysis of 8 cohort studies (3 of which were included in the meta-analysis) found no association with intake of total meat, red meat, or white meat. 28 In contrast to the meta-analysis, the pooled analysis included only cohort studies with at least 200 cases and which had used a validated food-frequency questionnaire and involved reanalysis of the raw data from each of the studies using a common approach. Our results are in agreement with those of the pooled analysis.
Of a smaller number of studies (both case-control and cohort) that examined meat preparation methods and/or degree of doneness of consumed meat and estimated intake of meat mutagens with breast cancer risk, several reported positive associations, [6] [7] [8] [9] [10] whereas others found no association. [11] [12] [13] Among those studies reporting positive associations, two found a strong association with HCA exposure or degree of doneness of meat, 6,7 whereas others observed a more modest association. 9, 10 One study 10 observed a modest association for intake of grilled or barbecued and smoked meats over the life course in postmenopausal (but not premenopausal) women but no associations with FFQderived measures of PAHs or HCAs based on type of meat, cooking methods, and doneness. Several studies examined possible interactions between intake of meat or well-doneness and polymorphisms in genes involved in the metabolism of HCAs and PAHs. [11] [12] [13] [29] [30] [31] [32] The results of these studies are inconsistent and several had very small numbers in the key subgroups to assess interactions. 31, 32 Strengths of this study include the use of a detailed questionnaire to assess intake of different types of meat, meat preparation, and doneness preferences as well as a linked database to estimate exposure to meat mutagens. In addition, this study had a wide range of variation in dietary intake. For example, among women in our study, median intake of red meat in the highest quintile was 7 times that in the lowest quintile. Other strengths include the prospective nature of the study, completeness of follow-up, the large number of postmenopausal breast cancer cases, and the ability to adjust for a large number of potential confounding variables. The large sample size and the wide range of food consumption habits of the cohort enhanced the ability to detect an association and to examine possible interactions.
Limitations include the fact that we were not able to assess the association of meat-related variables with premenopausal breast cancer because of the small number of such cancers in the cohort. Dietary intake based on FFQs is affected by measurement error, 33, 34 which, if nondifferential, could reduce an association. In this study, as in most previous studies, diet was assessed in midlife. Therefore, it is possible that meat intake and exposure to meat mutagens at a younger age, and particularly during adolescence when the breasts are developing, may affect the risk of Cox proportional hazards models used to calculate hazard ratios.- 4 Models additionally adjusted for age at entry (continuous), body mass index (kg/m 2 : <18.5, 18.5-<25, 25-<30, 30-<35, 351), age at first menstrual period (<11, 11-12, 13-14, 151), age at first live birth (never, <20, 20-24, 25-29, 30-34, 351), family history of breast cancer (yes, no), hormone replacement therapy (never, <5 years, 5-9 years, 101 years), education (less than high school graduate, high school graduate, some college, college graduate or post college, missing), race (non-Hispanic white, non-Hispanic black, other or unknown), total energy intake (continuous), gm saturated fat (continuous), alcohol intake (none, 0 to <5, 5 to <15, 15 to <30, 301 g/d), physical activity (never/rarely, 1-3 times/mo, 11 times/wk), smoking (never, quit >4 yrs ago, quit 1-4 yrs ago, quit <1 yr or current smoker, missing), age at menopause (<40, 40-44, 45-49, 50-54, 551), number of breast biopsies (none, 1, 3, 31, missing), height (<62, 62-<63, 63-<64, 64-<66, 67). breast cancer. We were also unable to examine the effect of genes involved in the metabolism of HCAs and PAHs, such as N-acetyltransferase 1 (NAT1) and N-acetyltransferase 2 (NAT2), cytochrome P450 1A2 (CYP 1A2), and glutathione transferases (GSTs).
In conclusion, results of this large prospective cohort of postmenopausal women do not support the hypothesis that a high intake of meat, red meat, processed meat, meat cooked at high temperatures, or meat mutagens is associated with increased risk of breast cancer.
